We report in the present paper the circular dichroism spectra of poly(X) at different pH and temperature values. The spectra are characteristic of three stable forms of poly(X) in the pH range of protonation of xanthosine. An electrostatic barrier is proposed to account for the hysteresis and metastability observed in a certain pH range. Some results on oligo(X) at basic pH are also presented. Poly(X) at basic pH is investigated also by hydrodynamic techniques.
INTRODUCTION
The structure and properties of polyriboxanthylic acid, poly(X), have already been the object of several studies [i-4] . The spectrophotometric (base) titration performed in the pH range of protonation of xanthosine in, probably, its Nl position [5] showed conformational changes of poly(X) as a function of pH, ionic strength and temperature. The potentiometric titrations suggest that these changes are directly related to the state of ionization of the polymer. However, the behaviour of this polymer is quite different from that of other polynucleotides. At basic pH, where poly(X) is assumed to have a single stranded structure the enthalpy of denaturation has been found to be much larger than that of (the single stranded) poly(A) at neutral pH Qt, 6] .
At around pH 6.0 and in low salt concentration the melting of poly(X) occurs in four steps and is irreversible [3] . Therefore, it seemed to us of interest to better characterize poly(X).
In the present paper we report the circular dichroism spectra of poly (X) in different conditions of pH and temperature. This method, already used in the study of conformational changes of other polynucleotides [7-11J, seems to be especially adequate to our case, since very large changes occur in the CD signal of poly(X) by titration from pH 9.0 to pH 3.0. He present also some results on oligo(X) at basic pH. The present study is to our knowledge the first report on the CD properties of poly(X).
MATERIALS AND METHODS
The experiments were performed with polyriboxanthylic acid-potassium salt purchased from P.L. Biochemicals Inc. USA and from Choay Co. France. Poly(X) was treated twice with Sevag-mixture and was exhaustively dialysed against EDTA 10 M and then against water.
The samples along the acid branch of titration were obtained by dilution of a concentrated stock solution at pH 9.0 in a series of buffers of given pH values. In the pH range from pH 2.5 to pH 5.0 the buffer was NaCl (0.15 H) -sodium acetate (0.05 M), from pH 5.0 to pH 7.5 -NaCl (0.15 M)-sodium cacodylate (0.05 M) and from pH 7.5 to pH 9.0 -NaCl (0.15 M)-sodium tetraborate (0.05 H).
The samples along the base branch of titration were obtained by dilution of a concentrated solution at pH 2.5 in the same buffers. The residue concentrations of poly(X) that we used were of the order of 10 M (X). The acid and base used in the continuous titration experiment were HC1 and NaOH, both 0.1 N.
The "acid" samples (samples along the acid branch of titration) which were heated for several minutes at 80°C were let to cool down slowly.
Oligomers were prepared by alkaline hydrolysis of poly(X) and were separated by paper chromatography (solvent system : ethanol-1 M ammonium acetate 1:1 v/v). A good separation was obtained until (Xp)gX.
The instruments used for the measurements were a Cary 15 spectrophotometer, a Roussel-Jouan dichrograph 2, a Beckman E analytical ultracentrifuge, a
Wippler-Scheibling (Fica, Paris) light scattering apparatus, a temperaturejump device product of Messanlagen Studiengesellschaft mbH, GSttingen, Germany, and an Ostwald viscosimeter.
RESULTS
Acid-base titration of poly(X)
He followed the circular dichroism spectra of poly(X) in 0.2 M [Na J and at 0°C at several pH values from pH 9.0 to pH 2.5. We observed a marked difference in the shape of spectra as a function of pH. Moreover, in a certain (limited) pH range, the shape of spectra depended on the direction from which the pH value was attained.
When titrating poly(X) from pH 9.0 to lower pH values (acid titration) we observed, in the wavelength range from 330 nm to 230 nm, several characteristic spectra ( When titrating poly(X) from pH 2.5 to pH 9.0 -base titration-we observed characteristic spectra in the ranges from pH 8.0 to pH 9.0, from pH 6.2 to pH 7.0, and from pH 2.5 to pH 5.2. These spectra were identical to the ones obtained by acid titration in the ranges situated respectively from pH 8.0 to pH 9.0, from pH 5.8 to pH 7.0 and from pH 2.5 to pH 3.0. In consequence, the spectra at e.g. pH 5.0 were different when obtained by acid or by base titration. (Fig. 1) .
When plotting the values of Ae at a given wavelength (e.g. 251.5 nm) as a function of pH, this "limited irreversibility 11 of titration is visualized as a loop (Fig. 2) . Moreover, we heated all the samples obtained by acid titration for few minutes at 80°C and cooled them slowly down to 0°C ; this experiment showed a complete reversibility of the spectra in the range from pH 9.0 to pH 8.0, from pH 7.0 to pH 6.2 and from pH 3.0 to pH 2.5. The sample at pH 5.0, which presented initially a characteristic spectrum, ended up, after heating and cooling, with a spectrum identical with the one observed in the range from pH 3.0 to pH 2.5. We performed also a continuous titration at 25°C from pH 5.1 to pH 2.8 and back to pH 5.1. We obtained similar loops as in the titration at 0°C.
Different spectra for the acid and for the base samples in the pH range from 3.0 to 6.2 were also obtained in the spectrophotometric acid-base titration. However, the difference between the ultraviolet absorption spectra were less obvious than between CD spectra.
Ultracentrifugation runs were performed with samples obtained by acid titration from pH 9.0. The results were s (at pH 9.0) = 5.0, s 20 w (at pH 6.5) « 7.5, s_» (at pH 5.0) « 8.0 and s' (at ptf 2.5) « 10.0. Another series of runs was performed with samples which were heated and cooled. The results showed that s Q remained almost unchanged for treated samples at pH 9.0, pH 6.5 and pH 2.5. S 2Q increased for the sample at pH 5.0 reaching almost the same value as for the sample at pH 2.5.
Thermal stability of poly(X)
The thermal stability of poly(X) was studied at several pH values of interest.
Poly(X) at pH 9.0 : We observed (Fig. 3 ) that the spectra of poly(X) at pH 9.0 and 0.2 M [Na + J at temperatures below 20°C had all the same Ae value at 267 nm, but the other (positive) bands decreased in intensity with temperature. At temperatures above 20°C all bands decreased in absolute value of Ae.
Almost no change was observed at 272 nm. The plots of the melting profiles at these two specific wavelengths and at another (arbitrary) one (e.g. 250 nm)
clearly show that the melting corresponds to a complex process (constituated probably of two transitions) (Fig. 3a) . ved also the CD spectra of oligomers with 2 to 7 residues at low temperature at the same pH and ionic strength as the poly(X) ; the spectra depended on the number of residues (Fig. 4) . He mention that the spectra were similar to the ones of poly(X) at high temperatures (e.g. the spectrum of (Xp) g X at 0°C
is similar to the one of poly(X) at 30°C). The melting of oligomers occured in a very large range of temperature (Fig. 5,6 ). No concentration dependence -5 -3 of the spectra of oligomers was observed (between 2.10 M and 10 H). Poly(X) at pH 6.8 : He observed (Fig. 7) that the spectrum of poly(X) at pH 6.8 did not change with temperature until 30°C. Between 30°C and W°C a positive band with a maximum at 251 nm appeared and increased in intensity. (Fig. 7b) . The similarity of the spectra 3 and 4 from Fig. 7a with spectra 3 and 4 from Fig. 3a suggests the same mechanism for the last part of meltings of poly(X) at pH 9.0 and pH 6.8. Moreover, we observed similarity of these spectra with the spectra 3 and 4 from Fig. 6 (oligo(X)).
Poly(X) at pH 3.5 : The CD spectrum of poly(X) at pH 3.5 depended only slightly on temperature all over the temperature range from 0°C to 76°C. A very small decrease of the intensity of bands was observed when increasing temperature. The second model would be a stacked single strand with hairpin regions.
When increasing teaperature, the hairpin regions will melt first ; only afterwards the single strand partially stacked will melt non-cooperatively toward a random coil. Both processes are intramolecular which is in agreement with the constancy of molecular weight during melting observed by light scattering. The short relaxation times obtained by T-jump are against a structure where poly(X) is completely folded on itself, but might not contradict a structure with a few hairpin regions. The absence of a V-shaped curve for the dependence of specific viscosity on temperature -as it was obtained for the hairpin structure of poly(U) [13] -might be due to the small proportion of hairpin regions at 0°C and to the still existing stacking at 20°C. This model is in good agreement with the CD results. The observed biphasic melting can be accounted for. The presence of hairpin regions in the polymer may explain the much more intense spectrum of polymer as compared to the longest oligomer (7 residues) at low temperature (oligomers which might be too short to form hairpin regions). The similarity of spectra of oligomers with the spectra of polymer at high temperature and between the non-cooperative melting of oligomers and the second phase of melting of polymer ( Fig. 6 ) are in good agreement with the suggestion of a reaction of type single strand partially stacked •*• random coil as the second process during melting of poly(X).
We consider that, in spite of several still unclarified points, the second model seems more reasonable. Electrostatically, the presence of a multistranded structure in this pH range may be explained by a lower repulsion between the strands due to the partial protonation of xanthosine residues.
Form C : According to the results of potent iometric titrations [tjthis form corresponds to a degree of ioniaation of xanthosine from 0.1 to 0. A multistranded helical structure was proposed for poly(X) in these conditions.
The CD spectra depends only slightly on temperature. At temperatures between 30°C and 50°C the intensity of the signal is slightly decreased. At temperatures above 50°C the spectrum remains completely unchanged.
Considering the results of potentiometric titrations [t] we observe that in the temperature range 3O°C-5O°C, the poly(X) at pH 3.5 gets slightly protonated : a(28°C) = 0.1, a(55°C) = 0. The slight change of intensity of the CD signal might be due to this protonation (a gain of protons seems to imply a slightly smaller signal as we see during the titration in the pH range 3.0-4.2). At temperatures above 50°C no conformational change takes place.
Therefore we propose for form C a very stable helical structure with N strands (N > n), which does not melt below 72°C.
From electrostatic point of view the higher number of strands may be explained by an even lower repulsion between strands than for structure B (xanthosine residues are completely protonated in their Nl position).
Hysteresis : We observed that the spectra of poly(X) in the pH range from pH 6.2 to pH 3.0 are different when the pH is attained by acid or by base titration. Thus, the structure of poly(X) at these pH values depends on the history of the system. Moreover, the CD spectrum of an acid sample at e.g. pH 5.0 corresponds to that of a mixture of form B and of form C ; after heating and cooling the spectrum is that of form C. We conclude that the stable form at pH 5.0 is form C. All these results may be interpreted in terms of a hysteretic transition from form B to form C ; the metastable "moment" of this transition would occur during the acid titration. The origin of the metastability is an energy barrier. One can imagine a nucleation barrier which prevents the conversion of form B (with n strands) in form C (with N strands, H > n) at a pH where the stable structure is form C. This barrier might be of electrostatic nature : the degree of ionization of form B has to be lower than a certain critical a, so that the attraction of two or more helices C (due to H bonds, stacking, etc..) would become stronger than the electrostatic repulsion between the (still) negatively charged helices.
Thus, only at a critical pH (corresponding to a critical) one might obtain the transition : form B (with n strands) •+• form C (with N strands) in the acid titration of poly(X). The metastable structure which exists until critical pH is a highly protonated n-stranded helix. It has to be mentioned that by heating an acid sample in the hysteresis range, this energy barrier is overpassed and when cooling we obtain the stable form C. A similar energy barrier was proposed for explaining the hysteresis observed in the acid-base titration of poly(A).2 poly(U) [l"+, 15].
It is templing to speculate on the number of strands of the different forms of poly(X). By analogy with poly(I) we may suggest a four-stranded helix for poly(X) in form C and a double-stranded helix in form B, but this has to be proved by X-ray diffraction measurements.
